Abstract. In order to investigate the susceptibility of steels to hydrogen embrittlement as a function of their microstructure X70 steel was chosen in different conditions: normalized transfer bar, asreceived hot rolled strip and heat affected zone (HAZ). Notched and fatigue pre-cracked samples were subjected to electrochemical hydrogen charging to achieve 2 ppm hydrogen content. Three point bend tests were conducted on as-received and hydrogen charged samples. The results showed that HAZ samples are more susceptible to hydrogen embrittlement than the others. This was supported by fracture surface observations.
Introduction
Over the last twenty years API 5L X70 pipeline steel has become a standard pipe grade in Australia. This has been driven by economical benefits of using thinner wall pipes with increase in strength of pipeline steels [1] . Hydrogen can be picked up in steel processing, during fabrication by welding and as a result of in-service exposure to a hydrogen-rich environment. The presence of diffusible hydrogen of only a few ppm is known to cause steel embrittlement and induce cold cracking at stress concentrations [2] [3] [4] . Steel microstructure is one of important factors affecting the susceptibility of steel to hydrogen embrittlement. It is believed that high strength steels containing in the microstructure hard grains of bainite or martensite or martensite/austenite constituent experience more severe ductility loss due to hydrogen compared to mild steels [4, 5] . In addition, the higher the strength or hardness of a steel and/or weld the lower is its resistance to hydrogen assisted cold cracking (HACC) [6] . Other microstructural factors contributing adversely to steel resistance to hydrogen embrittlement are (i) inclusion or coarse carbides at grain boundaries; (ii) coarse prior austenite grains, which result in higher solute segregation at boundaries; and (iii) a high dislocation density [7] . However, some microstructures also provide a number of irreversible hydrogen traps, such as grain boundaries or incoherent interfaces between particles/inclusions and matrix. By taking hydrogen atoms out of circulation at low temperatures, these hydrogen traps can reduce the susceptibility of steel to HACC. It has been reported that in hot rolled, normalised and heat treated steels nitrides and/or carbides could act as such effective hydrogen traps [8] . Although, at sufficiently high hydrogen levels the incoherent particle/matrix interfaces could act as nucleation sites for microvoid formation leading to decohesion, crack initiation and failure.
This work evaluates the effect of 2 ppm hydrogen on fracture toughness of X70 pipeline steel produced with different microstructures.
Experimental Procedures
The X70 transfer bar and hot rolled strips (8mm thick) were obtained from BlueScope Steel Ltd. Samples from the transfer bar were encapsulated in quartz tubes and normalised by heating to 950°C, holding for 30 minutes followed by air cooling. Simulations of coarse-grained heat affected zone (HAZ) were carried out on strip samples using Gleeble 3500 thermo-mechanical simulator. The details are available elsewhere [9] .
For three point bend (3PB) tests 5×5×25 mm samples were used. All the samples were wire cut to obtain a 1mm deep and 0.3 mm wide notch. The notched samples were subjected to fatigue precracking on Instron 1341 using Syncrack software to carry out cyclic compression. The loads used for pre-cracking were a fraction of the load P L (Eq. 1)
where B, W, a, S and σ Y are specimen thickness, sample width, crack size, span and yield stress respectively.
Immediately after pre-cracking, the samples were electrochemically charged with hydrogen in a solution of 0.5N H 2 SO 4 with the addition of NaAsO 2 at the current density of 50 mA/cm 2 for different times to achieve 2 ppm hydrogen. The hydrogen content was measured by hot extraction using Eltra ONH-2000 at BlueScope Steel Ltd. During the time between charging and measurement (up to 1 hour) the samples were held in liquid nitrogen.
3PB test was performed using Instron 5566 machine within 10 minutes after hydrogen charging to avoid hydrogen loss at room temperature. The samples were subjected to a series of loadingunloading cycles. The fracture toughness was derived from the Load Line Displacement vs. Load curve [10] . Crack extension was calculated from the load line displacement as follows (Eq. 2):
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where a is the crack length, W is the sample width and U is:
where δ is the crack opening, E is the elastic modulus, B is the sample length and F is the applied load [11] . J-integral (fracture toughness) curve (J vs. ∆a) was plotted. The microstructures of as-received and heat treated samples were characterised using standard optical metallography techniques. The fracture surfaces of the samples after 3PB test were examined using scanning electron microscope JEOL JSM 6490LV.
Results and Discussion
Optical micrographs of the samples in different conditions are shown in Fig. 1 . The normalised transfer bar exhibits a ferrite-pearlite microstructure with grain sizes in the range 10-15 µm. The strip also comprises of ferrite and pearlite, however the grains are finer and elongated along the rolling direction. Furthermore, the ferrite and pearlite grains in the transfer bar and in the strip appear as bands in the centreline region. This banding is more significant in the strip. This type of strongly aligned ferrite-pearlite colonies have also been reported in an API 5L oil pipeline steel [12] . The simulated HAZ consists of a tempered martensite and bainite microstructure formed from coarse-grained austenite. Fig. 2 shows the plot of fracture toughness vs. crack extension. A lower value of J implies that lower energy is absorbed at the crack tip for crack extension. In uncharged condition, the transfer bar showed the highest ductility, the strip medium ductility and the HAZ samples the least ductility. On charging all the samples experienced a loss of ductility, but to different extents. This reduction in ductility was the least for the strip whereas the other two samples showed a larger loss. These differences are associated with the different numbers of hydrogen traps present in the microstructure of the respective samples [4] . Further, the hydrogen charged normalized transfer bar absorbed slightly less energy as compared with the charged strip. This is a consequence of its larger grain size. A coarse grained microstrucure is less efficient in trapping hydrogen. Consequently hydrogen can diffuse easily to the crack tip making the material more brittle. In the case of the HAZ sample, there is enhanced crack propagation along the bainite or martensite laths resulting in increased susceptibility to cracking [4] . This is reflected in the lower energy absorbed by the HAZ sample (Fig. 2) for crack extension as compared to the transfer bar and strip even in uncharged condition. Fig. 3 shows the scanning electron microscopy (SEM) images of the fracture surfaces of the samples in different conditions before and after hydrogen charging. The uncharged samples of the transfer bar and the strip exhibit dimples representative of ductile fracture, which is consistent with high energies absorbed in the fracture of these samples by 3PB tests (Fig.2) . However, the uncharged HAZ sample revealed some regions which showed cleavage-like features. In addition, some cracks can also be observed which develop due to the brittle behaviour of the martensite plates during the 3PB test.
On hydrogen charging of the samples, the fracture mode changed from dimple rupture to one of quasi-cleavage. Cleavage facets are clearly evident in Figs. 3d-f, with the facet sizes corresponding to the grain sizes of the samples. For example, the facets observed in the strip were much finer than those of the normalized transfer bar, and the HAZ samples showed the coarsest facets. In addition, some regions of plasticity are also present at the micro-level. Several cracks were observed in all the samples as a result of hydrogen charging. In the strip, many of these cracks appeared to be aligned perpendicular to the main crack growth direction, which is also the direction of microstructural banding. These observations correlate well with the brittle behaviour of the hydrogen charged samples, which absorb less energy to failure. Furthermore, in the charged HAZ samples intergranular cracks were observed in several regions confirming its extremely brittle behaviour. 
Conclusions
Regardless of their different microstructures, all the X70 steel samples charged to 2 ppm hydrogen exhibited loss of fracture toughness. However, the microstructure of the steel consisting of tempered martensite and bainite (HAZ simulation) is the most susceptible to hydrogen embrittlement.
